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Bariatric surgical procedures such as vertical sleeve gastrectomy (VSG) and Roux-en-Y gastric bypass
(RYGB) are the most potent treatments available to produce sustained reductions in body weight and im-
provements in glucose regulation. While traditionally these effects are attributed to mechanical aspects of
these procedures, such as restriction and malabsorption, a growing body of evidence from mouse models
of these procedures points to physiological changes that mediate the potent effects of these surgeries. In
particular, there are similar changes in gut hormone secretion, bile acid levels, and composition after both
of these procedures. Moreover, loss of function of the nuclear bile acid receptor (FXR) greatly diminishes
the effects of VSG. Both VSG and RYGB are linked to profound changes in the gut microbiome that also
mediate at least some of these surgical effects. We hypothesize that surgical rearrangement of the gastroin-
testinal tract results in enteroplasticity caused by the high rate of nutrient presentation and altered pH in the
small intestine that contribute to these physiological effects. Identifying themolecular underpinnings of these
procedures provides new opportunities to understand the relationship of the gastrointestinal tract to obesity
and diabetes as well as new therapeutic strategies to harness the effectiveness of surgery with less-invasive
approaches.Introduction
Advancements inmodernmedical treatment are often thought to
be the result of meticulously thought out hypotheses that are
carefully tested. New therapies are then supposed to be devel-
oped based on these new understandings. Indeed, a number
of Nobel prizes for medicine fall into this category. The finding
that Helicobacter pylori is a primary cause of peptic ulcers has
forever altered the way these ulcers are treated, with much fewer
patients having to face the business end of a scalpel as treat-
ment for their ulcers. In this case, an innovative hypothesis led
directly to better therapies that saved money and lives.
Unfortunately, even in the 21st century, much of what we use
for therapy is not nearly so connected to an understanding of a
disease process or even how the therapy impacts the body.
This does not mean that these therapies are not genuinely effec-
tive, but rather that we know much less than we think about why
they are effective. Take bariatric surgery as an example. One of
the most common types of bariatric surgery is a Roux-en-Y
gastric bypass (RYGB). This surgery involves making a small
pouch just under the esophagus and then bypassing the remain-
ing stomach and part of the small intestine by connecting the
jejunum directly to the small pouch (see Figure 1). Ironically,
this procedure was initially used to treat peptic ulcers and was
made mostly obsolete by therapies that targeted Helicobacter
pylori. However, surgeons performing these procedures did
notice that many patients had sustained weight loss after these
procedures (Mason, 2005).
These were important observations, and they have led to the
use of RYGB and other related procedures as direct therapiesfor obesity and related metabolic conditions, such as type 2 dia-
betes mellitus (T2DM). Not surprisingly, the explanations from
surgeons on how a RYGB exerted these powerful effects
focused on mechanical hypotheses related to the execution of
the surgery itself. The idea was that making the small pouch
was ‘‘restrictive,’’ i.e., that the small pouch physically limited
the number of calories that could be consumed, at least over
short intervals. The second hypothesis was that by bypassing
some of the absorptive capacity of the intestine, such proce-
dures were ‘‘malabsorptive,’’ i.e., that calories could be furtively
taken out of the body in the feces and thereby create negative
energy balance.
Unfortunately these mechanical hypotheses do not provide an
adequate explanation for what occurs after bariatric surgery. The
arguments against these mechanical hypotheses are numerous
and have been made elsewhere (Miras and le Roux, 2013;
Stefater et al., 2012; Thaler and Cummings, 2009), so we will
not detail all of them here. However, the most fundamental argu-
ment is that after bariatric surgery, patients are less hungry even
after they have lost substantial amounts of weight (le Roux and
Bueter, 2014). This is exactly the opposite of what you would
expect if we restricted an individual’s ability to either ingest or
absorb calories. Under such circumstances, animals become
hungrier as a consequence of neuroendocrine changes that
accompany negative energy balance (Ahima et al., 2000).
Rather, what occurs after bariatric surgery is best explained as
a lowering of the level of body weight/body fat that the body de-
fends. This becomes apparent in experiments in which rats had
lost significant amounts of weight after a bariatric procedureCell Metabolism 21, March 3, 2015 ª2015 Elsevier Inc. 369
Figure 1. The Two Most Common Bariatric
Surgeries in the United States
The first is a Roux-en-Y gastric bypass (RYGB) in
which a small pouch is created just beneath the
esophagus that is not in contact with the rest of the
stomach. The jejunum is anastomosed to this
small pouch so that ingested food ‘‘bypasses’’ the
remnant stomach and upper small intestine and
flows directly into the jejunum. The second is a
vertical sleeve gastrectomy (VSG) where roughly
80% of the stomach along the greater curvature is
removed, turning the pouch of the stomach into a
‘‘sleeve.’’
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were forced to losemoreweight via further food restriction. Once
the VSG rats had ad libitum access to food again, the rats over-
ate and regained the weight lost due to food restriction (Stefater
et al., 2010). VSG rats actively defended a body weight, albeit a
lower one, in a manner that was identical to rats that had
received a sham version of the procedure.
This misunderstanding is not without consequences. By not
identifying the real mediators of these surgical effects, we are un-
able to improve upon them to make them even more effective
and/or less invasive. For example, some surgeons adjust the
length of the bypassed limb of a RYGB according to a patient’s
BMI. They hypothesize that surgeries for heavier patients need to
be ‘‘moremalabsorptive’’ in order to achieve greater weight loss.
This misunderstanding also leads to patients being exposed to
revision surgeries that seek to impact the mechanical aspects
of the surgery. In patients who have not achieved some arbitrary
definition of ‘‘adequate weight loss,’’ surgeons sometimes eval-
uate the patient for potential dilations of the small pouch and pro-
pose revision surgery if they find them. In this case, the hypoth-
esis that the surgery must ‘‘restrict’’ stomach size to be effective
leads to clinical decisions that may not benefit the patient.
Beyond Restriction and Malabsorption: Hormones
The obvious alternative to these mechanical explanations is to
posit that specific bariatric procedures result in an alteration in
the communication between gut and key metabolic organs
including the brain that are important for the regulation of both
body weight and various aspects of metabolism, including
glucose levels. It is not a given that the body weight and meta-
bolic effects of these procedures are driven by the same mech-
anisms. However, throughout this review, we will make the
assumption that there is at least considerable overlap between
these two outcomes and so discuss them concurrently. We
acknowledge that this assumption may not be borne out ulti-
mately by the data.370 Cell Metabolism 21, March 3, 2015 ª2015 Elsevier Inc.The two gut hormones that have
received the most attention are ghrelin
and glucagon-like peptide-1 (GLP-1)
since both regulate key aspects of energy
homeostasis. Secreted in response to
changes in acute nutritional flux, these
factors affect numerous metabolic pro-
cesses to influence meal size, nutrient
absorption, and glucose handling. VSG
and RYGB profoundly affect the patternof release of many gastrointestinal hormones. The magnitude
of these changes is impressive and provides a compelling basis
for the perceived role of these hormones in the metabolic out-
come(s) of procedures like RYGB and VSG. Interpreting the
significance of such changes, however, requires careful consid-
eration and knowing more than whether levels of these hor-
mones are altered by various procedures.
Ghrelin
Ghrelin was among the first candidates to be identified as a
potentially important endocrine target in VSG and RYGB proce-
dures. Given exogenously, ghrelin regulates activity in areas of
the CNS implicated in reward and the homeostatic regulation
of long-term energy stores, such as the hypothalamus (Kojima
et al., 1999) and nucleus accumbens (Cone et al., 2014). Phar-
macologically, ghrelin increases food intake in humans (Wren
et al., 2001) and rodents (Tscho¨p et al., 2000) but also modulates
peripheral glucose metabolism through both central and periph-
eral actions (Heppner et al., 2014) in ways that inhibit glucose-
stimulated insulin release (Reimer et al., 2003; Tong et al.,
2010) and promote insulin resistance in muscle (Vestergaard
et al., 2008). Removing ghrelin, therefore, provides a plausible
basis for reduced food cravings as well as improved glycemia
in some bariatric procedures. This is particularly true in the
case of VSG, where the major source of ghrelin is removed
with the removal of much of the stomach along the greater cur-
vature. We studied circulating levels of ghrelin in rat models of
VSG and RYGB and found that plasma ghrelin levels were sub-
stantially reduced after VSG, but not after RYGB (Chambers
et al., 2013). We then compared the effects of VSG on food
intake, body weight, dietary fat preference, and glucose toler-
ance in ghrelin-deficient and wild-type mice and found that
VSG was equally effective in both strains (Chambers et al.,
2013). While loss-of-function studies such as these leave open
the possibility of functional and developmental compensations
that could potentially obscure, or distort, ghrelin’s role in these
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is not necessary for the weight loss and improved glucose regu-
lation that result from VSG.
GLP-1
Secreted from intestinal L cells, GLP-1 increases insulin and
decreases glucagon production, delays gastric emptying and in-
testinal transit, and reduces meal size through a G-coupled pro-
tein receptor specific to GLP-1. Administration of exogenous
GLP-1 or GLP-1 analogs results in weight loss and improve-
ments in glucose regulation in T2DM patients (Vilsbøll et al.,
2012). Post-prandial levels of GLP-1 are dramatically increased
after both VSG of both patients and rodent models and RYGB
(Chambers et al., 2014; Jime´nez et al., 2013, 2014; Umeda
et al., 2011), suggesting that alterations in gut hormone secretion
are important to the metabolic benefit of these procedures.
Consistent with this hypothesis, post-surgical increases in pran-
dial GLP-1 are associated with greater insulin release (Umeda
et al., 2011) and greater weight loss (le Roux et al., 2007) after
RYGB surgery in humans. In some human studies, short-term
infusion of a pharmacological antagonist of the GLP-1 receptor
can reduce the increased insulin secretion observed after
RYGB (Salehi et al., 2011).
However, functional studies, designed to assess the influence
of GLP-1 signaling per se on these outcomes, have produced
mixed results. Pharmacologic blockade of the GLP-1 receptor
after RYGB or VSG greatly inhibits prandial insulin release (Jime´-
nez et al., 2013, 2014; Salehi et al., 2014; Shah et al., 2014). The
corresponding impairment in glycemia, however, is modest by
comparison, indicating that the contribution of endogenous
GLP-1 to overall b cell function after these surgeries may be rela-
tively minor. The importance of endogenous GLP-1 signaling to
the anorectic effect of bariatric surgery is also unclear. For
example, rats that underwent RYGB or a sham operation
showed similar responses in terms of food intake and weight
change when chronically infused with a GLP-1 receptor antago-
nist in the brain. In other words, surgical increases in GLP-1
signaling in the CNS are not uniquely responsible for the body
weight-lowering effect of this surgery (Ye et al., 2014), but it re-
mains possible that GLP-1 signaling on the vagus may be
enhanced after these bariatric procedures. However, mice with
genetic loss of function of the GLP-1 receptor respond normally
to VSG (Wilson-Pe´rez et al., 2013) and RYGB (Mokadem et al.,
2014) in terms of both weight loss and improvements in glucose
regulation. Such an outcome indicates that increases in GLP-1
receptor signaling are not necessary for themajor metabolic out-
comes of either VSG or RYGB. One possibility is that activation
of L cells may not drive the weight or metabolic benefits but
may be an emergency response to the high gastric emptying
levels where increased GLP-1 (and PYY) may be an ineffective
attempt to reduce gastric emptying. Alternatively, undigested
chyme in the ileum may signal the need to increase absorptive
capacity of the small intestine, and increased GLP-2 that is co-
secreted with GLP-1 may be an attempt to drive such increased
absorptive capacity. In this possibility, increased GLP-1 would
be an epiphenomena to the attempt to alter gut morphology to
alleviate increased nutrient presentation in the ileum.
These data cannot exclude the possibility that increases in
GLP-1, decreases in ghrelin, and a myriad of other factors arepart of a broader set of hormonal changes that work in concert
to mediate the potent effects of these procedures. Other factors
that have been hypothesized to be altered after one or more of
these procedures include prandial secretion of cholecystokinin
(Jacobsen et al., 2012; Peterli et al., 2012), glucose inhibitory
peptide (Lee et al., 2013; Romero et al., 2012), glucagon (Romero
et al., 2012), GLP-2 (Jacobsen et al., 2012; Romero et al., 2012),
peptide YY (Dimitriadis et al., 2013; Peterli et al., 2009), and
perhaps others (Dimitriadis et al., 2013; Santoro et al., 2008).
Determining the relative contribution of these different factors
to surgical benefits on glucose tolerance and weight loss re-
mains an important research goal. What is clear, however, is
that changes in the secretion of GLP-1 or ghrelin do not explain
nearly as much of the phenomena as we and others had
hypothesized.
Beyond Restriction and Malabsorption: Bile Acids and
Gut Microbiota
Bile acids are made in the liver and secreted into the duodenum,
particularly in response to fat ingestion, where they act as neces-
sary surfactants so that lipids can be absorbed and either stored
or moved to the tissues that will utilize them as fuel. In addition to
this role in lipid absorption, a wide range of evidence points to
bile acids as hormones. Two receptors have been identified
that respond to bile acids. The first is a G protein-coupled recep-
tor found on the cell surface termed TGR5, and the second is a
ligand-activated transcription factor farnesoid X receptor (FXR)
(Lefebvre et al., 2009). In a RYGB, bile acids secreted into the
duodenum do not mix with food until the two limbs of the
RYGB become the common channel in the distal jejunum.
Such surgical manipulation has been shown to alter both the
composition and levels of bile acids in different compartments,
including in general circulation in a weight-independent manner
(Kohli et al., 2013; Patti et al., 2009). Like for many other hor-
monal changes, VSG and RYGB look similar on this front, with
VSG also resulting in increased circulating bile acids in both ro-
dents (Myronovych et al., 2014) and humans (Kohli et al., 2013).
Such results open up the possibility that an important under-
pinning of the effects of bariatric surgery is its ability to alter
bile acid signaling. We directly tested this hypothesis by
comparing the effects of VSG in wild-type (WT) and FXR
knockout (FXRKO) mice. While FXRKO mice initially reduced
their food intake and body weight after VSG, after 4 weeks
they had begun overeating, and by 11 weeks they had regained
all of the lost weight and body fat compared to sham-operated
FXRKOmice (Ryan et al., 2014). The importance of FXR signaling
was not limited to the effect on body weight. FXRKO mice also
failed to show the potent effects of VSG to reduce fasting blood
glucose and improve glucose tolerance. These experiments
point to an important role of FXR as a molecular target for the
potent effects of VSG.
FXR plays an important role in a wide range of gastrointestinal
(GI) functions. One target of FXR signaling is the gut bacterial
community (Sayin et al., 2013). Inside our gut is approximately
3 trillion bacteria, and several recent findings point to these bac-
teria having an impact on host metabolism, including suscepti-
bility to obesity and T2DM (Sommer and Ba¨ckhed, 2013). Both
VSG and RYGB represent large perturbations in the environment
of the GI tract, and so, not surprisingly, they exert potentCell Metabolism 21, March 3, 2015 ª2015 Elsevier Inc. 371
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Wisnewsky and Clement, 2014). Recent evidence implicates
these changes as a driver for the effects of RYGB (Liou et al.,
2013). When germ-free mice were given bacteria containing
fecal transplants from RYGB-treated mice, those mice lost
weight, while germ-free mice given fecal transplants from
sham-treated mice gained weight. It is difficult to say from these
experiments the size of the gut bacteria-driven effect of RYGB,
but it is clear that, independent of other impacts of the surgery,
changes in gut bacteria after RYGB are sufficient to alter the
body weight of the host organism.
A key question that results from these findings is the relation-
ship between the effects of bariatric surgery on levels/composi-
tion of bile acids, FXR signaling, and the gut bacteria. In FXRKO
mice, some of the effects of VSG to alter the gut bacteria com-
munity were blunted, including entirely obviating the effect of
VSG on some strains of bacteria (Ryan et al., 2014). However,
this does not mean that FXR is strictly ‘‘upstream’’ of the effect
of surgery on the gut bacteria. Bile acids and the resulting
changes in pH are important regulators of the environment that
promote some bacteria to thrive and others to whither indepen-
dent of their effect on receptors such as FXR. One target gene for
FXR is a gut hormone termed FGF19 (in human and its mouse
ortholog FGF15). FGF19 has potent effects to reduce bile acid
secretion at the level of both the liver and the gallbladder (Kir
et al., 2011; Potthoff et al., 2011). Consequently, FXR can exert
indirect effects on gut bacteria by manipulating the levels of
bile acids. The gut bacteria are not passive recipients of bile
acids either. Gut bacteria can impact the levels of bile acids by
a variety of bile acid-degrading pathways and the composition
of the bile acids by altering their conjugation (Sayin et al.,
2013). In turn, alterations in levels and types of bile acids can
alter the amount of FXR signaling in the intestine and beyond
(Sayin et al., 2013). The important point here is that we simply
do not know the sequence of events that alters the bile acids,
FXR signaling, and gut bacteria that all appear to contribute to
the effects of surgery on obesity and diabetes.
The Role of Enteroplasticity in the Mechanisms
Underlying Bariatric Surgery
It is interesting to consider that our most successful strategy
toward treating obesity involves manipulation of one of the
body’s most complex biological systems. Traditionally, the pri-
mary function of the intestine was focused on ensuring maximal
macro- and micro-nutrient and water absorption into the body.
Without this capacity, malnourishment ensues and becomes
one of the most confounding health problems in intestinal dis-
ease. In fact, the diarrhea and dehydration that accompanyGI in-
fections cause millions of deaths per year (Kosek et al., 2003).
To accomplish this task, the intestinal mucosa is a highly plas-
tic system wherein humans epithelial cells turn over every
3–5 days (Groos et al., 2001). Consequently, the intestinal mu-
cosa has an enormous capacity to respond to internal and
external stimuli (Shaw et al., 2012). This process, called intestinal
adaptation or enteroplasticity (Drozdowski et al., 2009), has been
extensively studied in response to massive small bowel resec-
tion where themucosa displays profound proliferation in patients
with more positive outcomes (Shaw et al., 2012). Such entero-
plasticity occurs in diabetes, aging, with fasting, and with malnu-372 Cell Metabolism 21, March 3, 2015 ª2015 Elsevier Inc.trition (Fedorak et al., 1987; Ferraris and Carey, 2000). While
enteroplasticity can have positive outcomes for patients after
small bowel resection (Sturm et al., 1997), it can have negative
outcomes for patients with diabetes (Burant et al., 1994). Further,
high-fat diets have been suggested to play a role in changes in
gastrointestinal physiology that then contribute to the metabolic
complications associated with obesity (Cani et al., 2007).
Most macronutrients are absorbed in the proximal small intes-
tine (duodenum and jejunum), while most micronutrients are ab-
sorbed distally in the ileum. This functional change from the
proximal to distal gut is dictated in part by the types of epithelial
columnar cells that form the intestinal brush border. Develop-
ment and turnover of these cells progress from crypt to villus
units that contain absorptive (enterocytes), secretory (goblet,
Paneth, tuft, and enteroendocrine), progenitor, and stem cells
(Spence et al., 2011). Tight junction proteins located between
enterocytes and mucous secreted from goblet cells also provide
an additional physical barrier between the luminal contents and
the internal milieu. Recently, a deeper understanding of the mu-
cous layer has revealed a much higher-ordered organization and
thus a more important role in immunology than previously
thought. Within the stomach and colon, there is a looser outer
layer and an inner more stratified layer, while the small intestine
has a more discontinuous and less defined nature (Johansson
et al., 2011). The divergent layers are formed by a large class
of proteins of various sizes and structures call mucins. In the
outer loose layer is where the commensal bacteria are found.
As discussed above, these bacterial species that play a key
role in immune function also influence other biological systems.
Lastly, the intestine is highly innervated by the CNS but also has
its own enteric nervous system. Thus, there are countless
possible morphological, cellular, and systemic adaptations that
can take place when the intestinal integrity is challenged, and
with that there are multi-system consequences (see Figure 2).
Enteroplasticity: Morphology
The rapid cell turnover in the intestine is regulated by signaling
pathways that dictate rates of proliferation and atrophy.
Changes in the balance of proliferation to atrophy leads to
changes in overall mucosal mass (Shaw et al., 2012). The pro-
cess of enterocyte proliferation can involve one or more of the
following: increases in villus height, crypt depth, mucosal surface
area, and intestinal weight (Drozdowski et al., 2009). In the
context of removal of surface area with surgery, proliferation is
beneficial because it creates more absorptive cells for macro-
and micronutrients. This occurs independent of increasing
nutrient transporters per se. For example, a 70% resection of
the proximal bowel in rats leads to an increase in ileal glucose
uptake that was associated with an increase in villus height
and intestinal length rather than increased gene expression of
glucose transporters (Iqbal et al., 2008). The important point
here is that when one part of the GI tract is compromised,
another part adapts to take up that function.
There are many reasons to speculate that bariatric surgery
drives important changes in morphological enteroplasticity.
First, there is the research demonstrating the wide-ranging
impact of small bowel resection on intestinal adaptation. Sec-
ond, some early studies found that diet-induced obesity was
associated with increased intestinal length (Dameto et al.,
1991), and multiple rodent models of obesity display increased
Figure 2. Bariatric Surgery-Driven Enteroplasticity
Bariatric surgery involves surgical manipulation of the body’s most complex biological systems. We hypothesize that intestinal adaptation, or enteroplasticity,
underlies the benefits of bariatric surgery. Some of the possible adaptations that could be involved include (a) the nervous system via changes in innervation or
neuronal activity, (b) enteroendocrine adaptations via increases in enteroendocrine cell number or sensitivity to stimuli, (c) morphological changes that increase
nutrient absorptive capacity via increases in villi length and/or number and/or increased crypt depth, and (d) adaptations in nutrient signaling processes either by
increased nutrient transport or by the production of digestive products that stimulate intracellular signaling processes.
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2003) and permeability (Brun et al., 2007; Cani et al., 2007). How-
ever, in most of these experiments there was no attempt to con-
trol for food intake. Consequently, it is not entirely clear whether
such enteroplasticity is an effect of the diet per se or the result of
handling additional calories. Nevertheless, if obesity results in
alterations of GI morphology, it is intriguing to consider that
some bariatric surgical procedures might directly or indirectly
reverse these effects on the GI tract.
Multiple types of bariatric surgeries demonstrate some degree
of enteroplasticity in rodent models. For example, in Zucker rats,
duodenal jejunal bypass, a surgery where the stomach is left
intact and the upper gut is bypassed from nutrient exposure,
causes atrophy in the bypassed limb but hyperplasia in the
portion of jejunum now exposed to nutrients (Li et al., 2013). In
Zucker Diabetic rats, placement of a duodenal-endoluminal
sleeve, a flexible tube that is insertedwithin the intestine and pre-
vents nutrient-to-tissue interactions in the duodenum, increases
villus length through the upper intestine compared to pair-fedrats (Habegger et al., 2014). Another surgery where a piece of
the ileum is interpositioned within the jejunum leads to a ‘‘jejuni-
zation’’ of the transposed piece (Kohli et al., 2010). Lastly, in rats,
RYGB significantly increases bowel width, villus height, crypt
depth, and cell proliferation (le Roux et al., 2010; Taqi et al.,
2010) in the alimentary and common intestinal limbs, while the
biliopancreatic limb only demonstrates an increase in bowel
width (Taqi et al., 2010). Taken together, these data point to
important restructuring of the GI anatomy after bariatric surgical
procedures that includes distinct cell structural changes.
Enteroplasticity: Nervous System Changes
The small intestine is richly innervated by the autonomic nervous
system (ANS) but also contains an enteric nervous system (ENS).
This independently functioning nervous system is composed of
neural circuits that control intestinal motor functions, blood
flow, mucosal transport, and secretions and modulates immune
and endocrine functions. The ENS spans the length of the GI
tract within the myenteric and submucosal plexus, which is
also innervated by the ANS (Bitar et al., 2014). Given the extremeCell Metabolism 21, March 3, 2015 ª2015 Elsevier Inc. 373
Cell Metabolism
Reviewsurgical restructuring of the GI tract involved in some bariatric
surgeries, it would seem reasonable to hypothesize that entero-
plastic adaptations after the surgery could involve the nervous
system.
The ENS is not the only innervation of the GI tract. The vagus
nerve provides both afferent and efferent communication from
the brain to the gut, and abnormal vagal activity has been impli-
cated in obesity (de Lartigue et al., 2011, 2014). To attempt to
understand the impact of surgery on the vagal nerve, one study
performed RYGB in a mouse model that expresses a reporter
protein that could be easily visualized using IHC specifically in
vagal neurons (Gautron et al., 2013). The results demonstrated
that innervation was lost at all surgical anastomoses within the
stomach and intestine, while innervation of the intact intestinal
segments and liver was normal. Vagal fibers displayed morpho-
logical abnormalities predominantly in the myenteric plexus of
the stomach, including swollen axons and terminals and abnor-
mally shaped preganlionic endings. The physiological implica-
tions of this remodeling is unknown. Additional studies have
sought to determine the role of the vagus in the success of bariat-
ric surgery. Clinical studies have demonstrated that the threshold
for vagal tension sensations was negatively correlated with meal
size after RYGB (Bjo¨rklund et al., 2010). In rats, a RYGB surgery
that spares the vagus resulted in greater weight loss and reduced
food intake compared to a surgerywhere the vaguswascut (Bue-
ter et al., 2010). Counter to previous research that suggested that
portal vein neuronal glucose sensing is necessary for the im-
provements in glucose homeostasis with bariatric surgery (Troy
et al., 2008), common hepatic branch vagotomy, which ablates
innervation of the liver, portal vein, and proximal duodenum, did
not preventweight lossafterRYGB in rats (Shin et al., 2012).How-
ever, a more specific lesion of the celiac branch of the vagus,
which specifically innervates the intestinal tract, moderates early
post-surgical weight loss after RYGB (Hao et al., 2014). Together
with the data byGautron et al. (2013), these data suggest that not
only might the innervation to the intestine be intact after RYGB,
but neural innervation may be necessary for the outcome of the
surgery. It is also interesting that the changes in GI innervation
or neuronal activity could influence GI peptide secretion (Hansen
et al., 2004) and/or may play a role in the negative side effects of
the surgery, such as dumping syndrome.
Enteroplasticity: Enteroendocrine Changes
Nutrient entry into the GI tract initiates a myriad of physiological
responses, including secretion of several GI peptides that have
paracrine, endocrine, and neuroendocrine action and function
to aid in the processing and systemic assimilation of nutrients.
As discussed above, it is consistently demonstrated that both
RYGB and VSG cause significant elevations in some of the
same GI peptides (Peterli et al., 2012). However, as also re-
viewed above, changes in individual GI peptides (GLP-1, PYY,
CCK) are not necessary for the beneficial outcomes of bariatric
surgery. We predict that the changes in the level of these pep-
tides are a product of surgery rather than a driver of the meta-
bolic adaptations and thus are representative of enteroplasticity.
In this section, we will review the potential enteroplastic mecha-
nisms that drive the increase in GI peptide secretion following
RYGB and VSG.
Given the profound anatomical differences between RYGB
and VSG, the mechanism(s) that underlies this effect in both pro-374 Cell Metabolism 21, March 3, 2015 ª2015 Elsevier Inc.cedures is not obvious. One hypothesis is that both procedures
compromise the ability of the stomach to meter chyme into the
small intestine. This high gastric emptying rate would result in
an increase in the amount of nutrients reaching the distal small
intestine where these hormones are thought to be secreted.
However, recent data from our laboratory suggest that this
explanation may be too simplistic. To examine intestinal ‘‘sensi-
tivity’’ to nutrients, GLP-1 responses weremeasured in response
to nutrients infused directly into the duodenum at the same rate
and volume in sham versus VSG surgery animals (Chambers
et al., 2014). Despite this control over gastric emptying rate,
the VSG animals maintained significant increases in nutrient-
inducedGLP-1 secretion. This would support the notion of enter-
oplasticity rather than just altered nutrient presentation as a
driver of the increased nutrient response.
Therefore, we believe this response to be a physiologic adap-
tation borne from the increased metabolic demands produced
by chronically high gastric emptying rates. One consequence
of this enteroplasticity appears to be elevated nutrient-induced
GI hormone secretion such as GLP-1. If so, we would predict
that compensations such as changes in the secretion of prandial
hormones will occur in discreet regions of the gut that are most
affected by surgery, i.e., regions of the gut that face the greatest
increase in metabolic demand, as opposed to homogenous
changes throughout the gut. Indeed, when Nguyen et al. (2014)
infused nutrients directly into the bypassed segment of RYGB
patients, a region in which the metabolic demands of the tissue
actually decrease, prandial GLP-1 responses appeared normal
relative to those of control subjects. The same patients, how-
ever, showed robust increases in prandial GLP-1 when nutrients
were presented to the common limb via the stomach.
It is the common limb that bears the brunt of the increased
metabolic demand caused by faster gastric emptying and the
exclusion of the proximal foregut. Consistent with this observa-
tion, the number of enteroendocrine cells that express GLP-1,
CCK, serotonin, and PYY is greatly increased in the common
limb, but not in the segment of the proximal intestine that is
bypassed in a rat model of RYGB surgery (Mumphrey et al.,
2013). Moreover, the common limb is also the region in which
the greatest morphological changes occur in terms of increased
villus height and greater overall surface area (le Roux et al.,
2010). A similar effect on increasing enteroendocrine cell
numbers is seen after ileal interposition (Hansen et al., 2014).
Thus, at least with VSG, but we believe with other surgeries as
well, an alternative explanation to the distal gut hypothesis is
that chronically high gastric emptying rates drive adaptive enter-
oplasticity. A consequence of this enteroplasticity is elevated
nutrient-induced GI hormone secretion.
Other hormones, growth factors, and cytokines that are asso-
ciated with enteroplasticity have also been shown to increase
after RYGB. The preproglucagon gene produces GLP-1 but
also co-secretes other peptides, including glucagon-like pep-
tide-2 (GLP-2). GLP-2 has been shown to have a physiological
role in intestinal growth (Hartmann et al., 2002), and long-acting
GLP-2 agonists (e.g., Teduglutide) are effective treatments in pa-
tients with diseases that cause intestinal insufficiency (Jeppesen
et al., 2001; Shaw et al., 2012). Additionally, IGF-1, fibroblast
growth factors, and epidermal growth factor have all been shown
to increase in rats following RYGB (Taqi et al., 2010), and all have
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intestinal growth and proliferation (Brubaker et al., 1997;
Houchen et al., 1999). Together, these data suggest that enter-
oendocrine plasticity results in an increase in several gut-
secreted peptides that have positive metabolic and intestinal
morphology outcomes.
Enteroplasticity: Nutrient Sensing
That nutrient flow through the GI tract is essential for maintaining
intestinal integrity is highlighted by the fact that when nutrients
are no longer presented to the intestinal lumen, for example
due to starvation or total parental nutrition (IV nutrients), the in-
testinal mucosa drastically atrophies due to both increased
apoptosis and decreased proliferation (Tappenden, 2006;
Yang et al., 2003). This atrophy compromises barrier function
(Yang et al., 2003), resulting in high rates of infection and sepsis
in patients on total parental nutrition. In most cells of the body,
including the intestine, nutrients act not only as fuel, but also
as signaling molecules (Ryan and Seeley, 2013). In this manner,
nutrients could directly influence intestinal adaptation. Indirect
actions are also possible. Enhanced nutrient-induced stimula-
tion of gut peptide secretion can result in alterations in associ-
ated neuroendocrine and paracrine signaling pathways. The
result is that changes in nutrient sensing could play a key role
in themany biological processes regulated by the intestinal tract.
Although it is not clearly understood, the physical changes
with bariatric surgery could influence mechanical and physiolog-
ical processing of nutrients and thus could alter the types of
nutrient by-products and signaling that occur with food inges-
tion. We do know that individual macronutrients and macronu-
trient products do influence morphological enteroplasticity.
Withdrawal of protein restricts intestinal growth (Sanderson
and Naik, 2000), while supplementation of total parental nutrition
(intravenous nutrients) with oral glutamine (Kessel et al., 2008) or
oral arginine (Koppelmann et al., 2012) can protect the intestine
from endotoxin-induced injury. Moreover, compared to total
parental nutrition, enteral infusion of higher concentrations of
sucrose maintains body weight and mucosal mass (Weser
et al., 1986). Although it is unclear if this is due to the increasing
calories or to the carbohydrate exposure itself, it has been
demonstrated that dietary carbohydrate rapidly stimulates its
own uptake into the intestinal epithelium by increasing active
transport processes (Cheeseman and Maenz, 1989; Diamond
et al., 1984; Ferraris et al., 1992). All of these observations are
consistent with data demonstrating atrophy of the bypassed
limb after RYGB (Li et al., 2013).
Carbohydrates could also support intestinal function in
another way. Fermentation of prebiotics and carbohydrates
within the colon produces short-chain fatty acids, which then
support colonic enteroplasticity (Roy et al., 2006). Supplementa-
tion of total parental nutrition with short-chain fatty acids (sodium
acetate, propionate, butyrate) maintains intestinal mass in rats
(Koruda et al., 1988), although not to the level of the chow-fed
control animals (Murakoshi et al., 2011). With both amino acids
and short-chain fatty acids, it is interesting that direct luminal
nutrient exposure is not necessary to support intestinal
morphology, underscoring the integrative role of the intestine
in physiological regulation.
Multiple studies do suggest that intestinal nutrient sensing is
altered by bariatric surgery. Earlier research suggested that thebulk of this was sensed directly within the portal vein (Troy
et al., 2008). However, additional research suggests that a
duodenal-jejunal bypass surgery in rats leads to improved
nutrient sensing within the gut that contributed to enhanced
CCK secretion (Rasmussen et al., 2012). One study has found
that ex vivo 3H-glucose uptake from the lumen into enterocytes
of the Roux limb was reduced compared to sham-operated rats
after RYGB (Stearns et al., 2009). However, more recent in vivo
data found that RYGB causes the intestine to become a major
site of glucose disposal, even when tissue mass was taken
into consideration, and that intestinal glucose metabolic path-
ways are reprogrammed to support tissue growth (Saeidi et al.,
2013). The discrepancies between the two studies could be
methodological or could implicate systemic influences, neuronal
or endocrine for example, on regulation of intestinal glucose
disposal—influences that would bemissing in the ex vivo studies
performed by Stearns et al. (2009). If the results of Saeidi et al.
(2013) are true, a reasonable alternative explanation could be
that the hypertrophy and increased glucose uptake could be in
response to the fact that the remaining intestine has an increased
workload when processing nutrients.
The critical point here is that surgical rearrangement of the GI
tract, such as what occurs with bariatric surgery, necessitates a
number of gut adaptions. Such enteroplasticity could be the
result of increased nutrient presentation that results from high
gastric emptying rates that alter nutrient presentation, dramatic
changes in pH, altered physical forces within the GI tract, or
some combination of these. Importantly, from this perspective
the changes in both the gut microbiota and bile acids that clearly
contribute to the physiological effects of the surgery can be
seen as reflections of this surgically induced enteroplasticity.
Changes in the gut bacterial community are likely a result of
the physical accommodations the gut is making that change
the environment and thereby shift the bacterial population to
ones that are best suited for that new environment. While it re-
mains unclear just why bile acid composition and levels in the
plasma are altered, it seems likely that this is also the result of in-
testinal adaptation that alters bile acid handling. Determining
how enteroplasticity is linked to altered bile acid secretion, ab-
sorption, or reuptake is an important research goal upon which
our group and others are focusing.
Conclusions
The potent effects of bariatric surgery to cause dramatic and
sustainable reductions in body weight and improvements in
glucose regulation remain incompletely understood. Ultimately,
bariatric surgery is not just an effective therapeutic tool, but a
platform that will both yield new insights into the etiology of
metabolic diseases and, like the insights from Helicobacter
pylori, reduce the need for surgical interventions. However,
progress can only be made with a new framework for under-
standing these effects that moves past the rationale that drove
the development of these successful procedures, i.e., mechani-
cal restriction and malabsorption. This new framework must
focus on linking the surgical procedures to the physiological sys-
tems and molecular pathways that are ultimately responsible for
the benefits on weight and metabolism. We have forwarded the
hypothesis that this link involves gut adaptation driven by
the modified environment of the surgically altered GI tract.Cell Metabolism 21, March 3, 2015 ª2015 Elsevier Inc. 375
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ReviewIdentifying the common enteroplastic changes that occur after
diverse bariatric procedures is likely to yield significant advances
in how we got into the twin epidemics of obesity and T2DM and
how we might get out of them as well.
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